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2 EXECUTIVE SUMMARY

2.1 Problem Statement
	
  
The objective of this project is to investigate the effectiveness of a coating procedure used for
applying titanium dioxide (TiO2) onto quartz crystals. Titanium dioxide, a semiconductor metal
oxide, has been used in heterogeneous photocatalysis for destruction of organic, inorganic, and
biological material in aqueous and in air-solid systems. The project stakeholders have identified
a need for a low cost, accurate and reliable procedure for coating quartz crystals with titanium
dioxide. The intended research will result in a procedure that can be later applied to different
semi-conductive precursors such as bismuth vanadate (BiO4). The coated crystals will be tested
using a Quartz Crystal Microbalance (QCM), which is a critical instrument used for the research
and development of material for photochemical research.

2.2 Project Overview
	
  
The honors senior project is the final step in earning an honors degree from James Madison
University. In addition to the project, several honors classes and honors seminars are needed
prior to graduation. The honors classes were completed through several honors options and
honors classes, and the honors seminar was completed through a Study Abroad in Florence,
Italy. This honors project started in August 2013, and continued for five semesters until
December 2015. The breakdown of the project is shown.
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Table 1: Project Breakdown
Fall

Spring

Fall

Spring

Fall

2013

2014

2014

2015

2015

Identify Project
Proposal
Literature Review
Procedure
Testing
Write-up
Presentation

In the fall of 2013, the specific honors project was identified, the proposal to get approval for the
project was sent in and the honors thesis faculty readers were identified. The literature review,
which provides all the background information on the project, was performed between fall 20132014. Once the background information was complete, a procedure was developed and all the
equipment and chemicals required for the experiment was purchased. The testing began Spring
2015 and carried over to fall 2015. Throughout this entire process, the honors proposal was
written up and all the different states of the process are included in the final report. This
breakdown allowed for the project to be completed by the end of Fall 2015. This project will
conclude with a final presentation of my research in front of the James Madison University
Engineering Department.
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2.3 Report Overview

	
  
Section 2 (Executive Summary) describes the problem statement, project overview and report
overview. Section 3, Literature Review, introduces the preliminary research performed. The
preliminary research began by investigating previously studied photochemical reactions,
different semiconductors previously used and different coating procedures. The references to
these sources can be found in section 8. Section 4 introduces the equipment used in this
experiment. The equipment included in the experiment includes the Quartz Crystal
Microbalance, Ultrasonic Bath, and the Spin Coater. Section 5 includes the cleaning procedure
and titanium dioxide synthesis. The titanium dioxide synthesis includes the procedure used to
deposit the TiO2 onto the surface. Section 6 describes the results and discussion determined from
the experiment. Individual QCM measurements can be found in section 9, appendix. This
experiment can be further performed and elaborated. The instructions and areas that can be
improved are discussed in section 7, future work. Without the help of my professors and James
Madison University’s engineering program, I would not have been able to perform this honors
thesis. My acknowledgement to everything that has helped me along the way is in section 1.
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3 LITERATURE REVIEW:
3.1 Photochemistry
	
  
The study of photochemistry is a hot topic of research today. Photochemistry is the study of
chemical reactions that involves light. Light can either act as a catalyst for the reaction, or the
reaction can produce light. (1) Photochemistry is the result of bonds breaking/forming or the
absorption/emission of photons from one state or the other. Photocatalysis, a subset of
photochemistry, involves photophysical processes, which are initiated by photon absorption to
generate excited states. This process of exciting electrons is followed by a photochemical or
electrochemical redox reaction. By utilizing excited states produced by photon energy, reactions
that are normally unfavorable can occur. Photocatalysis has been a growing area of research
because chemical energy from the sun can be used as a clean alternative energy source. The solar
energy irradiating from the surface of the earth (1.3 x 105 TW) exceeds the current global human
energy consumption (1.6 x 101 TW in 2010) by approximately four orders of magnitudes7. By
increasing the usability of photocatalysis can make a significant energy and environmental
impact.

3.2 Band Gap
	
  
Electrons in an atom can be considered part of an array of states defined by their energy levels.
The different energy states, or different orbitals, are called bands. The two closest energy levels
to the nucleus of an atom are called the valence band (ground state) and conduction band. These
bands are shown in figure 1.
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Figure 1: Energy State Diagram
The band closest to the nucleus is called the valence band (ground state). At this band, electrons
are held tightly in place by the electric field of the nucleus. As ground state electrons are excited
they move to the next band. The second closest band to the nucleus is called the conduction
band. In the conduction band electrons aren’t as tightly held together by the nucleus and are
considered to be “free,” which means they can roam around the band. (There are several more
excited states, but this research will primarily focus on the valence and conduction band.) The
space or gap between bands is called the bandgap, and as electrons flow from one state to the
next, they are capable of producing an electron current. However, for this to occur electrons need
a specific amount of energy before electrons can move across this bandgap.

An electron needs energy to jump from one energy state to the next. Usually an electron is able
to gain the energy needed to jump across the bandgap by being hit with a particle of light. These
particles of light consist of tiny protons that carry large amounts of energy. The more protons
that hit the electron, the more energy it has, and the more likely it is to jump across the bandgap
	
  
	
  

9	
  

into the next band. The flow of electrons across this bandgap is a large topic of research because
they can make thermodynamic reactions that are normally unfavorable, favorable. These photogenerated electrons can drive reduction (electrons) and oxidation (holes) reactions.

Great conductors (metals) have a narrow bandgap, which needs little energy for electrons to
move across the bandgap. Since little energy is needed, it’s considered that electrons can move
“freely” between the valence and conduction bands. In other materials (insulators), there is a
substantial distance between the two bands. This prevents electrons from jumping from one state
to the next. However, some materials (semiconductors), have similar properties of both
conductors and insulators. Semiconductors allow, but also restrict the flow of electrons.
Semiconductors might be mediocre conductors, but because of their unique atomic structure,
their conductivity can be controlled by stimulation with electric currents, electromagnetic fields,
and light. Semiconductors are the reason we are able to convert sunlight to electricity and
produce light from electricity.

To enhance the electrical properties and efficiency of semiconductors, the structures can be
manipulated to increase the number of electrons in the material. This process is called doping.
Doping can change a semi-good semiconductor into a great one. There are two different types of
semiconductors that are formed through doping. Since electrons are negatively charge, by adding
more electron carriers to the material, the crystal becomes more negative. As a result the first
type of doping is called N-type or N-doped semiconductor for the negative charges added to the
structure. The second type of doping is P-type. The “P” stands for positive because Psemiconductors are made by adding materials that result in a shortage of electrons. The shortage
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of electrons can also be considered gaining “holes” in the material, or positively charged areas on
the valence band.

When an n-type and p-type are added together, the n-type electrons are attracted to the excess
holes in the p-type, which forms a p-n junction. A p-n junction acts as a barrier to electricity in
one direction but presents almost no resistance to electricity in the other direction. This occurs
because excited electrons with high energy are attached to these “holes” produced on the valence
band. As these electrons are absorbed by the holes, they release energy. This energy can be
utilized in many electronic devices. 4

3.3 Favorable Semiconductors

	
  
A large amount of time has been spent investigating the catalytic properties of TiO2, SnO2, ZnO
and BiVOx because of their conduction band-edge intercalation. Out of these, Titanium Dioxide
(TiO2) has been the most efficient because it’s photocatalytic applications allow it to be wildly
used. There are three main photoactive aspects of TiO2 that make it so wildly used: (1)
photovoltaic generation of electricity; (2) photocatalytic oxidation; and (3) photo-induced surface
wettability14. We are also interested in titanium dioxide because it has high photoactivity, it’s
stabile, and it’s relatively cheap and safe compared to other semiconductors.5 For our purposes,
we will be investigating if the accumulation of conduction band electrons is accompanied by
cation intercalation: protons in the case of water, small electrolyte cations in the case of aprotic
solvents. It has been reported that the cations provide local charge compensation for the
accumulated electrons, where the charge compensation/intercalation process appears to play a
central role in determining the conduction band-edge energy. Studies have also shown that the
compensation/intercalation phenomenon functions essentially independently of the well-known
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surface adsorption/desorption (acid/base) equilibrium that governs energy potentials and opencircuit surface potentials6. To investigate the possible importance of ion intercalation under
photochemical conditions, a study of the illuminated nanocrystalline TiO2 (anatase)
electrode/solution interface can occur by using a Quartz Crystal Microbalance6.

3.4 Acoustic Wave Devices:
	
  
A family of surface acoustic wave (SAW) devices are available in which the acoustic wave
propagates along a single surface of the substrate. Some of the devices in this family consist of
the Love-wave device, shear horizontal surface acoustic wave (SH-SAW), and the quartz crystal
microbalance. [The Quartz Crystal Microbalance will be discussed in Section 3). All of these
instruments were develop for a real-time response for specific liquid media suitability.

3.4.1 Shear Horizontal Surface Acoustic Wave
	
  
The shear horizontal surface acoustic wave (SH-SAW) device is used to investigate highsensitivity liquid phase chemical and biological detection. In this device, an acoustic wave
travels along the surface between pairs of interdigital transducers (IDTs) that are electrically
excited by an RF signal7. Objects measured using an SH-SAW sensor include both
immunoreactions and liquid properties. The advantage of this device is that the SH-SAW sensor
is the simultaneous detection of the mechanical and electrical properties of liquids8.
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Figure 2: Shear Horizontal Surface Acoustic Wave
A typical acoustic wave device consists of two sets of interdigital transducers. One transducer
converts electric field energy into mechanical wave energy; the other converts the mechanical
energy back into an electric field. In the shear-horizontal acoustic plate sensor, the waves travel
between the top and bottom surfaces of the plate, allowing sensing on either side9.

3.4.2 Love-Wave Device
	
  
The Love-wave device (LWD) is used for the characterization of processes involving several
layers deposited over the sensing area and for high-sensitive liquid media. The LWD is effective
in liquid media because the radiation of compressional waves into the liquid is minimized.

Figure 3: Love-Wave Device
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Love-wave devices are that are very similar to QCM devices (explained in 2.4.3), except they
can operate at higher frequencies that traditional QCMs. Higher frequencies lead to higher
sensitivity because the acoustic wave penetration depth into the adjacent media is reduced.
However, the higher operation frequency results in a higher noise level, thus restricting the Lovewave devices10. Unfortunately Love-wave devices are relatively new to the market. As a result
they are expensive, and not well understood. However the Quartz Crystal Microbalance has been
around for over fifty years and is a well understood acoustic device.

3.4.3 Quartz Crystal Microbalance
	
  
The Quartz Crystal Microbalance (QCM) is the most commonly used acoustic sensor, which has
made it the most robust and affordable acoustic sensor on the market10. A QCM has many
applications such as biotechnology, functionalized surfaces, thin film formation, surfactant
research, drug research, and liquid plating and etching. The quartz crystal microbalance is an
ultra-sensitive mass sensor. A QCM works by placing a quartz crystal between a pair of
electrodes connected to an oscillator. The quartz crystal is an ultra thin plate, with thin metal
electrode attached to each side of the plate. The electrode material can be made up of several
different metals, such as: gold (Au), Titanium (Ti), Zinc (Zn), Nickel (Ni), Silicon (Si), and
Carbon (C). When an AC voltage is applied over the electrode, the quartz crystal oscillates at a
specific resonance frequency, and the frequency is measured through computer software.

The resonance is a result of a small change in mass being added or removed from the surface of
the acoustic resonator. The small addition or removal of mass is due to oxide growth/decay or
film deposition that can occur in the presence of different chemicals. The small amount of matter
placed on the crystal surface is quantified by measuring the change in resonating frequency. The
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total frequency change (Δf), is equal to the sum of the frequency caused by (a) mass changes, (b)
mechanical stresses and damping from the density and viscosity of the adjacent fluid, (c) other
environmental influences such as temperature and pressure, and (d) surface roughness of the
QCM15.
Δf = f – fq = Δfm + ΔfT + ΔfP + Δfη + Δfr

(1)

Where fq = quartz crystal resonance frequency, m = mass, T = temperature, P = pressure,
η = viscosity, and r = roughness. To calculate the mass change resulting in the frequency change,
the Sauerbery equation is used.
Δf = -

!!!!
!! !!

⋅

!"
!

(2)

This equation is used when there is a uniform, rigid, thin film deposit, where fq is the resonant
frequency, A is the active electrode area, ρQ is the density, µQ is the shear modulus. The
Sauerbrey equation is a linear relation between the changes in the resonant frequency of a quartz
crystal and the mass of a thin rigid film added to its surface.

3.5 COATING METHODS
	
  
The performance of the titanium dioxide for applications is largely affected by the particle size,
crystallinity and the morphology. The procedure used to apply the precursor will influence the
catalytic properties of the thin-film. There are three types of coating methods: airbrush spray
coating, dip coating and spin coating. [Spin coating is the method chosen and discussed in 3.2.]
Spin coating was used in this experiment because it was wildly recommended in the literature,
and is an efficient and cheap method. However, airbrush coating would have worked just as well
if there were funds and equipment avaiable for this procedure. Spray coating applies the
precursor through a wand, in a uniform and smooth manner. Dip coating is an effect procedure
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used when both sides of a thin-film needs to be covered. However, for a quartz crystal to
function properly, only one of the sides must remain uncoated. As a result, dip coating cannot be
used.
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4 EQUIPMENT

4.1 Quartz Crystal Microbalance
	
  
A Quartz Crystal Microbalance (QCM) is a frequency sensitive technique used to measure the
mass changes for surface reactions. To identify if the TiO2 is present on the quartz crystal, the
quartz crystal will be tested on a QCM 2000 Quartz Crystal Microbalance.

Figure 4: SRS 2000 Quartz Crystal Microbalance
The QCM is used to observe the surface reactions and measures the change in frequency caused
by the resonator. When a voltage is applied across the electrode, the head oscillates and the
frequency of a crystal is measured through the different electrodes. There are several different
types of crystals that exist for QCM. These different crystals have different frequencies
dependent on size, mounting, and application. For example different crystals are made for gas
and liquid applications. Both sides of the SRS 2000 QCM crystal are shown in figure 5.
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Figure 5: Quartz Crystal
The left side of figure 5 shows the bottom of the QCM crystal, and the right side shows the top.
The top of the crystal is where the coated TiO2 will be placed. The spin coater (section 3.2) will
deposit the precursor on top of the whole crystal. However, we only want the metal part of the
crystal covered. For this to happen, the glass part of the QCM crystal is cleaned with propanol
and small Q-tip.

4.2 Ultrasonic Bath
	
  
The ultrasonic bath is a useful tool to disperse nanoparticles and to eliminate agglomeration in
aqueous suspensions.

Figure	
  6:	
  Branson	
  Ultrasonic	
  Bath	
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Shock waves caused by collapsing caviations under ultrasonic irradiation will lead to collisions
among particles, whereby the agglomerated particles are eroded and split apart by the collisions.
Basically, there are three different mechanisms of nanoparticles cluster break up, which are
rupture, erosion, and shattering. Rupture occurs when large agglomerate is broken up into
numerous agglomerates of either the same or different size, which can be subsequently broken
up further. Erosion, on the other hand, occurs when small fragments are gradually sheared off
and detached from the outer surface of large agglomerates. The smaller fragments are either
primary particles or aggregates that cannot be broken up further under the effect of
hydrodynamic stresses. Finally, shattering occurs when the energy level provided is very high, in
which the agglomerate disintegrate into numerous small fragments of either aggregates or
primary particles in a single event15.

4.3 Spin Coater

	
  
Spin coating is a procedure used to deposit TiO2 precursor on glass and quartz crystals using a
spin coater set at different variable speeds.
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Figure 7: Laurell Spin Coating
A 150 mm Laurell Spin coater was used to apply the titanium dioxide precursor. A 150 mm
Laurell spin coater requires 15-30 psi nitrogen, which holds the thin films in place as it rotates.
The puddle of precursor/liquid is placed in the center of the thin-film, completely submerging it.
The thin-film is then spinned at high speed (1000-3000 rpm). Centripetal acceleration will cause
the resin to spread to, and eventually off, the edge of the substrate leaving a thin film of resin on
the surface. Factors such as viscosity, drying rate, percent solids, and surface tensions all effect
the dispersion and thickness of the final film16. The biggest concern with spin coating is its
repeatability. There are often subtle variations in the parameters of the spin process that can
drastically affect the coating film.

Spin coating process is affected by the dispense step, the speed of the fluid and the drying step.
There are two types of dispense. Static dispense is when a small puddle of fluid is deposited on
the center of the thin-film, before the thin-film is spun (method used). The second is dynamic
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dispense which is the process of dispensing while the thin-film is turning at low speed. Spin
speed is the most important factor in the effectiveness of spin coating. The speed of the substrate
affects the degree of centrifugal force applied to the liquid resin as well as the velocity and
characteristic turbulence of the air immediately above it16. The thickness of the coating is
determined by the speed and the acceleration. The drying rate of the resin fluid determines the
coating film properties. It is important to have a fast drying rate with minimal airflow and
turbulence above the thin-film.
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5 EXPERIMENTAL SETUP

5.1 Cleaning Procedure
	
  
All instruments, crystals and glass were cleaned prior to the experiment. To properly clean the
quartz crystals and the glass, they were submerged in acetone and placed in an ultrasonic bath for
ten minutes. Then, they were submerged in propanol and placed again an ultrasonic bath for ten
minutes. It’s important that the crystals are placed in a holder, which allows them to stay vertical.
If the crystals and glass were placed horizontal across the bottom of thee ultrasonic bath, the
surfaces could become damaged. Once the crystals/glass was removed from the bath, they were
dried with nitrogen.

5.2 Titanium Dioxide Synthesis
	
  
Poly(acrlic) acid, titanium dioxide powder nanoparticles (analase) and ammonia were purchased
from Fisher Scientific. Titanium dioxide solutions were synthesized used the method described
by Othman and Rashid15. In brief, fifteen grams of Poly(acrlic) acid was mixed with fivehundred milliliters of water. The pH of the solution was adjusted to 8.5 using Ammonia. One
gram of titanium dioxide powder was suspended in one-hundred milliliters of Poly(acrlic) acid
and mixed using an ultra-sonication bath for ten minutes. A glass piece, and later a QCM crystal
was placed in the spin coater. Using a pipet, suspended precursor was placed on top of the
surface, completely submerging the glass/crystal. The spin coater was tested at different rpms
(1000 rpm and 3000 rpm), and for different times (one minute, two minutes, and three minutes).
After spin coating, the crystals/glass was heated at 200°C for twenty minutes. This procedure
was repeated up to five times and the crystal surfaces were investigated.
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6 RESULTS AND DISCUSSION

	
  
	
  
A surface profiler (KLA-Tencor) was used to investigate the surface thickness and uniformity of
the crystals. The scans were performed on the covered glass at a distance of 3500 µm. The first
500 µm were used as the reference point and are not included in the graphs.

Figure 8A: TiO2 – One Time Coated - 3000 rpm - Glass
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Figure 8B: TiO2 – Five Times Coated - 3000 rpm - Glass
Both figures in 7A and 7B are the graphs of the surface profiler. The horizontal axis is the
distance traveled and the vertical axis is the thickness of the applied titanium dioxide precursor.
As it can be seen from the graphs, the average thickness is around 10,000 nm and the peaks max
around 23000 nm. However, the uniformity is higher at five coats compared to the one coat. A
LEICA microscope, combined with a CCD-IRIS Sony camera was also used to examine the
uniformity and effectiveness of the coating procedure.
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Figure 9A: TiO2 – Coated One Time - 1000 rpm – 40x Magnitude – Glass

Figure 9B: TiO2 – Coated One Time - 3000 rpm – 40x Magnitude – Glass
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Figure 9C: TiO2 – Coated Five Times - 3000 rpm – 40x Magnitude – Glass
The microscope images show that the TiO2 was successfully deposited on top of the glass. The
images also show that TiO2 precursor was dispensed in clumps of various sizes. The clumping is
more prominent at lower spin rates. However a faster spin rate with more coats will result in a
more uniform coating. We were able to determine that the TiO2 precursor will stick to the
surface of the glass material through our spin coating procedure. Therefore, our next step was to
deposit the TiO2 onto a QCM crystal.

Table 2: Spin Coating Conditions
Crystal

Revolutions per

Time (minutes)

Coats

minute (rpm)

	
  
	
  

1

1000

1:00

1

2

1000

3:00

1

3

3000

2:00

1

4

3000

2:00

5
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Different spin coating conditions were tested. The different conditions are shown in table one.
After each coat was applied the crystal was baked on a top plate for ten minutes at 200 °C. The
baking at 200 °C removes the poly(acrlic) acid and any other products that effect the
photocatalytic properties of the crystals. After the crystals were complete, they were once again
looked at under the microscope.

Figure 10A: TiO2 Coated Crystal 1

Figure 10B: TiO2 Coated Crystal 2
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Figure 10C: TiO2 Coated Crystal 3

Figure 10D: TiO2 Coated Crystal 4
In Figure 9, the green/gold coloring is the normal color of the QCM crystals. The dark
spots are the TiO2 precursor being deposited onto the crystal surface. Once again, these
images show that a lower spin rate results in thicker clumps. However, when multiple
coats are applied, such as crystal 4, there is a more uniform layer of TiO2 on top of the
quartz crystal. Since the crystals were successfully deposited onto the quartz crystals, we
could then test their performance using our SRS 2000 quartz crystal microbalance
software.
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Figure 11: All TiO2 Coated Crystals
Figure 10 shows the frequency change of the crystals in standard conditions over an hour span.
For the first half-hour, the crystals were placed in the dark. For the second half-hour the crystals
were exposed to a 60-W light source to see if the light changed the behavior of the crystals. From
the data above, it shows that that light had no effect on the frequency of the crystals crystal.
Traditionally an increase in mass on the QCM crystal results in a decrease in frequency, and vise
versa. However, the QCM crystals tested don’t seem to have a large change in frequency due to
the TiO2 being deposited on top of their surface. QCM crystals all have a unique reference
frequency, but they all roughly the same. The very small change in frequency being displayed in
figure 10 is not a result of mass increase or decrease but a result of the crystals normal
characteristics. Therefore, the addition of TiO2 precursor does not affect the normal
characteristics of the QCM crystal. To test the crystals performance, high purity water was added
to crystal 3 and crystal 4, and the frequency was measured for forty minutes.
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Figure 12A: Crystal 3 HPLC Water

Figure 12B: Crystal 4 HPLC Water
Between 0-10 and 20-30 minutes the crystals were placed in the dark. Between 10-20 and 30-40
minutes the crystals were exposed to the light to see if light affected the system. The large drops
in frequency shown in figure 11 are a result of noise affecting the system. Sense the QCM crystal
is very sensitive; it can pick up a door slamming across the building. From this test it can be
concluded that there was no evidence that there was a photocatalytic reaction between the water
and the crystal over a 40-minute span. Further testing would be needed to determine if the TiO2
coated QCM crystals are photo-chemically reactive.
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7 FUTURE WORK

	
  
The goal of this project was to determine if QCM crystals could be coated with titanium dioxide.
The effectiveness of these crystals however needs to be further investigated to better understand
the photochemical properties of the crystal. First off, an experiment to determine the ideal
coating procedures will need to be performed. This will determine the spin coating time; spin
rate and number of coats needed to ideally coat a QCM crystal. After this is determined, the ideal
temperature for baking the crystals will need to be determined. All the of Poly(acrlic) acid might
not have burned off at 200 °C, and higher temperatures are needed. It’s important not to test the
crystals at high temperatures that might damage the crystals. To see if a light source truly affects
the performance of the quartz crystal microbalance, lamps of different wavelengths and different
power outputs can be used. By using different light variables a better understand the ideal
photoctalytic conditions for our semiconductor. High-purity water was used in this experiment,
but different substances such as D2O can be used to better understand the system.
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9 APPENDIX:

Figure A.1: Standard Crystal

Figure A2: Crystal 1
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Figure A3: Crystal 2

Figure A4: Crystal 3
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Figure A5: Crystal 4
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